The properties of ferroelectric thin films can be tuned by changing the temperature or chemical composition. Furthermore, it has also been recognized that the mechanical boundary conditions can influence the ferroelectric and piezoelectric responses significantly. 1 In case of thin films, the difference in crystal lattice parameters and/or the thermal expansion coefficient (TEC) mismatch between the substrate and the clamped thin film upon cooling will result in strain, often referred to as misfit strain (S M ). 2 In epitaxial Pb(Zr 1Àx Ti x )O 3 (PZT) films much thicker than the critical thickness (>80 nm), the lattice strain is completely relaxed, 3 and the remaining thermal strain is, therefore, either tensile or compressive depending on the choice of substrate. The theoretical dependence of the properties of ferroelectric PZT on this misfit strain has been studied extensively. 4, 5 Although some scientific papers report on strain dependency of PZT thin films on various substrates, no experimental data set over a large misfit strain range has been linked to the suggested models. Moreover, most studies on strain dependency are on polycrystalline PZT films. Here, we present experimental ferroelectric and piezoelectric data of epitaxial PZT thin films on seven different buffer-layer/substrate combinations in relation to the residual strain.
SrRuO 3 (100 nm)/PZT(250 nm)/SrRuO 3 (100 nm) thin film capacitors (200 Â 200 lm 2 ) are fabricated using pulsed laser deposition (PLD) and standard photolithography followed by etching. 6 The used substrates are CeO 2 /Yttria stabilized Zirconia (YSZ) buffered Si(001) denoted as S1, SrTiO 3 buffered Si(001) -S2, 7 DyScO 3 (001) -S3, KTaO 3 (001) -S4 CeO 2 buffered YSZ(001) -S5, MgO(001) -S6, and SrTiO 3 (001) -S7. The SrRuO 3 grows cube-oncube on the (001) oxide substrates. In the case of S1, S2, and S5, buffer layers were applied to overcome the large lattice mismatch and to control the epitaxial film growth. 6 Crystallographic properties were investigated by X-ray diffraction (XRD) using a Bruker D8 Discover. The out-ofplane polarization hysteresis loop (P-E) measurements were performed using the aixACCT TF2000. The effective longitudinal piezoelectric coefficient (d 33,eff ) was obtained from the piezoelectric loop measured by a double beam laser interferometer (aixACCT DBLI). By using this equipment, the effect of substrate bending is eliminated and the film piezoelectric parameter values are obtained. 8 Besides the reflections of the substrate and electrodes, the peaks in the XRD spectra in Fig. 1 can be assigned to PZT (00l) only. The data indicate that all films are epitaxially grown with (001)-orientation and no second phase is (2011) observed. From the reciprocal space maps (RSMs) on the four-fold (103) reflections of PZT (not shown), the in-and out-of-plane lattice parameters are obtained (Table I) . Furthermore, the (103) RSM appears as one single reflection within the resolution of the diffractometer in all cases. This implies that no mixed a-and c-domain formation is present in the crystallographic structure of the films. Since the composition is at the morphotropic phase boundary (MPB), the PZT unit-cell is assumed to be (nearly) cubic for an unstrained free standing film. After cooldown the strain induced by the substrate, however, distorts the cubic unit cell and can be calculated as S M ¼ (a À a 0 )/a 0 , where a is the (measured) in-plane lattice parameter of the PZT thin film. 2, 9 a 0 refers to the unstrained cubic in-plane lattice parameter obtained from
, where c is the (measured) out-of-plane lattice parameter. Table I shows that S M (10
À3
) ranges from about þ2 to À4. Indeed, both films on Si are tensile strained because of the lower TEC of this substrate compared to PZT, conversely the strain on oxide crystals is compressive due to the higher TEC. However, S M is not equal for both Si substrates, indicating that S M is not proportional to the difference in TEC between film and substrate. The strain relaxation mechanism can be different for the films on each type of substrate, for example by the influence of buffer layers or additional epitaxial strain. 10 The polarization hysteresis (P-E) loops of the PZT capacitors with lowest, intermediate, and highest strain (S1, S5, S7) are shown in Fig. 2(a) . Although the PZT thin films have similar orientation, their P-E characteristics are substantially different. Whereas large polarization is measured for films with high compressive strain, the values tend to decrease as S M increases to positive values (tensile strain). The data of the other samples follow this trend but are left out of the graph for clarity. In table I, the out-of-plane polarization P 3 at zero field and the saturated polarization P s obtained from high field extrapolation are listed for all samples. This trend of decreasing polarization is attributed to the existence of the r-phase in which the polarization rotates towards the film plane with increasing misfit strain. To evidence the existence of the r-phase, we link the data to the model of Pertsev et al. 4 According to this model, PZT films are predicted to be either in the stable ferroelectric c-, r-, or aa-phase, depending on composition and thin film misfit strain. In the c-phase, the polarization is along [001] of the pseudo-cube (P 1 ¼ P 2 ¼ 0, P 3 = 0) and in the aa-phase along h110i (P 1 ¼ P 2 = 0, P 3 ¼ 0), whereas in the r-phase, the polarization rotates in the (1-10) and (À110) planes (P 1 ¼ P 2 = 0, P 3 = 0). 2 In Figure 3 (a), the calculated stability regions of the different phases as function of S M versus composition are shown. The r-phase is stable in the range À8 < S M (10
) < þ8 for the MPB composition. All of our samples with x ¼ 0.48 are well within this regime (Figure 3(a) ). Figure 3(b) shows the dependence of the ferro and piezoelectric properties on the misfit strain at zero field. In accordance with the theoretical predictions, the measured P 3 is highest closer to the c-phase, and decreases as S M is more close to the aa-phase. Also, the shape of the polarization loops is changed with strain ( Fig. 2(a) ). The films with high compressive strain show square and well-saturated hysteresis loops, while the films on silicon have more rounded and slanted hysteresis characteristics. This is also evident from the larger difference between P 3 and P S as S M increases. In fact, as the r-phase is subjected to polarization rotation, this difference reflects the larger in-plane component of the polarization for higher S M . The rotation angle between the polarization vector and the film plane is estimated as b ¼ sin
À1
(P 3 / P S ). Here, we take P S as an estimate for the length of the polarization vector. From Table I , it is seen that the polarization vector tends to rotate from the out-of-plane c-direction towards the aa-plane (low b) with increasing S M .
The out-of-plane dielectric constant e 33 for all samples is determined as e 33 ¼ dP 3 /(e 0 dE 3 ) at E ¼ 0. The obtained values (Fig. 3(b) ) correspond well with theory as e 33 increases with higher strain values. It appears that P 3 and e 33 are approximately inversely related. From this point of view, roughly similar values for the effective piezoelectric response d 33,eff can be expected, as they are dependent through the following equation: 12 ;eff ðe 0 e 13 P 1 þ e 0 e 23 P 2 Þ þ 2Q 11;eff e 0 e 33 P 3 : (1)
Here, Q 12,eff , Q 11,eff e 0 , e 33 , and P 3 are the effective electrostrictive constants for a (001) oriented thin film strained symmetrically in plane, dielectric constant of vacuum, effective relative dielectric constant, and the spontaneous out-of-plane polarization, respectively.
4 Fig. 2(b) shows small signal effective d 33 loops for samples S1, S5, and S7. In contrast to the P-E loops, the difference in d 33 -E loops is not so pronounced. All parameters in Eq. (1) are field dependent; however, here we only consider the d 33,eff at zero field. Note that these values can be significantly smaller than the maximum d 33,eff observed for these samples (Table I) .
Clamping causes the bulk, single crystal longitudinal electrostriction coefficient to be modified into an effective value Q eff . For the (001) oriented epitaxial thin film, Q 11 changes to Q 11;eff ¼ Q 11 À ð2s 12 Q 12 Þ=ðs 11 þ s 12 Þ and Q 12 to Q 12,eff , where s ij are the elastic compliances and Q ij the electrostrictive coefficients for single crystal PZT. 4, 11 For PZT thin films in the c-phase (P 1 ¼ P 2 ¼ 0), Eq. (1) reduces to d 33;eff ¼ 2Q 11;eff e 0 e 33 P 3 . Conventionally d 33,eff is written as d 33;eff ¼ 2Q eff e 0 e 33 P 3 . In the r-phase, Q eff now also contains the contributions of the first two terms in Eq. (1), causing Q eff to vary with strain; i.e., polarization rotation. In the inset of Fig. 3(b) , the calculated Q eff is shown together with the experimentally obtained values. It is noted that our method to obtain Q eff is different from the one used by others, where e 33 was determined from C-V loops obtained at high frequency. 12 Our e 33 values are typically twice as low. Since the model only applies to data from static measurements, we choose to use the values from the quasi-static P-E loops. Overall, there is a good correspondence between the experimentally determined values and the model, considering that no fitting was applied. The ferroelectric r-phase is a consequence of the monoclinic crystal structure and, therefore, different twin domains are expected. Such structural twin domains have been observed in monoclinic BiFeO 3 by XRD. 13 Yet, twins are not observed in our samples, and little experimental evidence for the monoclinic phase in PZT thin films is reported so far.
14 However, the properties of all our PZT films do fit well in Pertsev's predicted phase diagram, in which polarization rotation is only allowed in the monoclinic r-phase. The trends of the ferro and piezoelectric data evidence the existence of this monoclinic phase. Because of the limited TEC range of suitable substrates, it can be predicted that clamped (001) oriented epitaxial Pb(Zr 0.52 Ti 0.48 )O 3 thin films under the same conditions will always end up in this phase.
In summary, we have epitaxially grown (001) oriented PZT thin film stacks using PLD. By changing the buffer-layers and/or substrates, thin films with different strain states have been obtained, caused by the TEC mismatch between PZT films and substrates. It is observed that P 3 and e 33 values in the PZT films are strongly dependent on this misfit strain. The piezoelectric coefficient d 33,eff , however, is hardly dependent on the substrate-induced strain, since P 3 and e 33 are approximately inversely related. We have shown that there is a good correspondence between measured data and theory. This supports the validity of the model for rotation of the polarization for clamped (001) oriented epitaxial Pb(Zr 0.52 Ti 0.48 )O 3 thin films strained by the substrate and provides indirect experimental evidence for the monoclinic r-phase. 
